INTRODUCTION
Oxygenic photosynthesis originated in aquatic single-celled cyanobacteria >2.5 billion years ago (Blankenship, 2001 ). All extant chloroplasts are derived from a primary endosymbiotic event that involved such cyanobacteria (Douglas, 1998; Moreira et al., 2000) . The bacterium became integrated into the cell and was established as a membrane-bound organelle. Ancestral chloroplasts most likely contained chlorophylls a, b, and c, phycobilisomes, and unstacked thylakoid membranes (Moreira et al., 2000) . As the three primary algal groups evolved, these features were differentially lost. Glaucophytes and rhodophytes (red algae) lost chlorophyll b, whereas chlorophytes (green algae) lost phycobilisomes and gained stacked thylakoids. Chlorophyll c was lost from all lineages except from the red algae that gave rise via secondary endosymbiosis to the chromists. Land plant chloroplasts evolved from those found in chlorophytes. In all cases, most genes were lost from the plastid genome and transferred to the nucleus . As a consequence, chloroplast biogenesis is regulated by the nucleus in all extant eukaryotic phototrophs.
The nucleus regulates chloroplast biogenesis by encoding structural components of the organelle, by regulating chloroplast division, and by regulating the developmental process per se. Although many nuclear genes that contribute functional components to the organelle have been described, including those of endosymbiotic origin that control division from within the organelle (Osteryoung et al., 1998) , very few regulatory genes have been identified even in model organisms. One example, Accumulation and Replication of Chloroplasts5, encodes a cytoplasmically localized dynamin-like protein that regulates chloroplast division in Arabidopsis thaliana (Gao et al., 2003) . A second example, the Golden2-like (GLK) genes, encode transcription factors that regulate chloroplast development in diverse species, namely in the monocot maize (Zea mays) and in the eudicot Arabidopsis (Langdale and Kidner, 1994; Hall et al., 1998; Rossini et al., 2001; Fitter et al., 2002) . GLK genes are members of the plant-specific GARP family of transcription factors (Riechmann et al., 2000; Fitter et al., 2002) . Within the GARP family, GLK genes are monophyletic, and gene duplications have occurred independently in the monocots and eudicots. In addition to the GARP DNA binding domain (DBD), GLK genes share a conserved C-terminal domain referred to as the GOLDEN2 C-terminal (GCT) box. In Arabidopsis, the two GLK genes act redundantly to regulate monomorphic chloroplast development (Fitter et al., 2002) . By contrast, in maize, each gene acts alone in one of the two photosynthetic cell types that develop in the leaf (Rossini et al., 2001 ). These two cell types differentiate morphologically distinct chloroplasts. In combination, these observations suggest that GLK gene function is fundamentally required for chloroplast development in angiosperms and that at least in maize, specialization of chloroplast type is correlated with specialization of GLK gene function.
To determine whether GLK-mediated regulation of chloroplast development evolved within or before the land plants, we assessed gene activity in the bryophyte Physcomitrella patens. The bryophytes diverged from the rest of the land plants >400 million years ago and are the most distantly related group to the angiosperms (Gifford and Foster, 1989) . In P. patens, the haploid gametophyte as opposed to the diploid sporophyte dominates the life cycle. As such, chloroplast biogenesis occurs in a different developmental context from that in angiosperms. The P. patens gametophyte consists of filamentous protonema (Figures 1A and 1B) and leafy shoots called gametophores ( Figure 1D ). There are two types of filaments: chloronema, which contain numerous chloroplasts ( Figure 1A) , and caulonema, which develop fewer and smaller chloroplasts ( Figure 1B) . The leaf-like structures of the gametophore are composed of a single layer of cells, the majority of which contain chloroplasts. The remaining cells constitute the conducting vessels that transport nutrients throughout the shoot. In addition to leaf-like structures, gametophores develop nonphotosynthetic rhizoid filaments that provide structural support for the shoot ( Figures 1C and 1D ). In total, therefore, three chloroplast-containing cell types differentiate during the P. patens life cycle.
We report here that there are two Glk genes in the P. patens genome. Mutations in both genes were generated by homologous recombination. Single mutants were phenotypically indistinguishable from wild-type plants, but double mutants were uniformly pale green. Therefore, the two genes function redundantly to regulate chloroplast biogenesis. Notably, similar aspects of chloroplast development are perturbed in double mutants of P. patens and Arabidopsis, suggesting that gene function is conserved between the two species. The partial complementation of Arabidopsis mutants with a moss Glk gene confirmed this suggestion. Thus, GLK-mediated regulation of chloroplast development is an ancient mechanism conserved across all land plants.
RESULTS
Two Glk Genes Are Present in the P. patens Genome To determine whether Glk genes are present in the P. patens genome, genomic PCR was performed using degenerate primers designed from conserved DBD and GCT box sequences. Two Glk genes were isolated, both of which contain sequences encoding the conserved DBD and the GCT box (Figure 2A ). Unlike the angiosperm GLK genes, the two moss genes share a high degree of amino acid similarity outside of these domains (75% identical), and neither gene contains introns. When P. patens Glk (PpGlk) sequences were used as hybridization probes in DNA gel blot analysis of genomic DNA, no additional gene copies were identified (see Supplemental Figure 1 online). Phylogenetic analysis confirmed that PpGlk1 and PpGlk2 are most closely related to each other and to angiosperm GLK genes than to any other GARP genes ( Figure 2B ). To investigate relationships within the GLK gene family, a second phylogenetic analysis was conducted using cDNA sequence data from the DBD and the GCT box. This analysis placed the two PpGlk genes in a sister group that is basal to the rest of the GLK genes ( Figure  2C ). This observation suggests that independent duplication events occurred in the bryophytes and angiosperms. The notable sequence identity between PpGlk1 and PpGlk2 further suggests either that this duplication was relatively recent in P. patens or that there is selective pressure to maintain two very similar genes in the genome.
PpGlk Genes Are Expressed in Photosynthetic Tissue
To determine whether PpGlk genes are expressed in tissues that differentiate chloroplasts, RT-PCR was performed using RNA isolated from protonema and gametophores. Figure 3A demonstrates that both genes are expressed in both tissues. Furthermore, in protonema (but not in gametophores), PpGlk transcript levels are upregulated relative to tubulin transcripts in the light period of a diurnal light/dark cycle. This upregulation by light was confirmed by RNA gel blot analysis (see Supplemental Figure 2 online). Thus, PpGlk gene expression patterns are consistent with a role in chloroplast development.
To examine PpGlk gene expression at the cellular level, a uidA reporter gene encoding b-glucuronidase (GUS) was inserted into the PpGlk1 and PpGlk2 gene loci via homologous recombination (see Supplemental Figure 3 online for complete details). Constructs were designed so that double crossovers in the PpGlk 59 and 39 homologous regions resulted in transcripts consisting of the PpGlk gene 59 region, uidA, and the PpGlk 39 untranslated region (UTR). Thus, transcript abundance would be regulated by the endogenous PpGlk promoter and the fused 39 UTR. The translated protein would be a fusion between the N-terminal portion of PpGLK and GUS. Three independently transformed lines were obtained for both PpGlk1:uidA and PpGlk2:uidA. At each of the six loci, multiple repeats of vector and/or construct sequences were present. However, in each case, there were no additional copies of uidA and the repeats were downstream of the PpGlk:uidA:PpGlk 39 UTR fusion. Therefore, the repeats were unlikely to interfere with the gene expression analysis. In all six PpGlk:uidA lines, GUS activity was detected in both filaments and leafy shoots ( Figures 3B to 3D ). Therefore, PpGlk1 and PpGlk2 are expressed in all chloroplast-containing cells of the gametophyte. A further correlation between PpGlk gene expression and chloroplast development was seen in rhizoids. GUS activity was not detected in achloroplastic rhizoid filaments, but where rhizoids transdifferentiated into caulonema, GUS activity was observed ( Figures 3E and 3F) . Thus, as in angiosperms, Glk gene expression in P. patens is induced by both light and developmental cues, and the presence of Glk transcripts is correlated with the presence of differentiated chloroplasts.
Generation of Ppglk Mutants
To determine the function of Glk genes in moss, loss-of-function alleles were generated by homologous recombination (see Supplemental Figure 4 online for complete details). Kanamycin resistance (35S:nptII) and hygromycin resistance (35S:aphIII) cassettes were used to disrupt PpGlk1 and PpGlk2, respectively. Insertion constructs were designed so that double crossovers on either side of the antibiotic resistance cassette would lead to replacement of the endogenous DBD with the cassette. Wildtype moss was transformed with these constructs to generate the glk single mutants, Ppglk1-1 to -3 and Ppglk2-1 to -3. Ppglk1-1 was subsequently transformed with the PpGlk2 construct to generate the Ppglk1-1 glk2-4 double mutant. Similarly, Ppglk2-1 was transformed with the PpGlk1 construct to generate the Ppglk1-5 glk2-1 double mutant. Therefore, three independent Ppglk1 and Ppglk2 single mutant lines and two independent double mutant lines were obtained. In each case, the PpGlk locus was disrupted, but in some cases, vector and/or construct DNA was present in addition to the predicted antibiotic resistance gene. Regardless of the amount of DNA inserted at each locus, all recombined alleles were likely to be null.
In total, 311 transformed lines were generated. Of these, 106 contained inserts at the predicted site, but only 23 were free of additional inserts at nontarget sites. Therefore, 93% had undergone illegitimate recombination at one or more sites, whereas only 30% had undergone homologous recombination. These frequencies disagree with previously published data; however, the constructs used in the previous study did not contain P. patens genomic DNA (Schaefer, 2001 ). This raises the possibility that the additional integration events resulted from homologous recombination with reduced specificity rather than by illegitimate recombination. We discount this suggestion, however, because none of the PpGlk1 constructs was inserted into the PpGlk2 locus or vice versa, yet the two sequences are likely to be more similar to each other than to any other sequences in the genome. The presence of multiple construct-vector repeats at the targeted locus is rarely discussed in the literature but was a consistent feature in our experiments. The generation of glk double mutants hinted at a reason for the multiple inserts. In both Ppglk1-1 glk2-4 and Ppglk1-5 glk2-1, there are multiple inserts in the first targeted locus but only a single insert at the second targeted locus. That is, Ppglk1-1 glk2-4 has multiple copies of the nptII resistance cassette and one copy of the aphIII cassette, whereas Ppglk1-5 glk2-1 has the opposite. Therefore, it is possible that there is selection for multiple copies of the resistance gene after primary transformation experiments.
Ppglk Double Mutants Are Pale Green
To examine the phenotype of Ppglk loss-of-function mutants, colonies of the wild type, the three lines of Ppglk1 and Ppglk2, and the two lines of Ppglk1 glk2 were compared. Mutant colonies appeared indistinguishable from the wild type with respect to size, shape, and tissue density. Ppglk1 and Ppglk2 single mutants also appeared indistinguishable from the wild type with respect to chlorophyll pigmentation levels ( Figures 4A and 4B ). However, both Ppglk1 glk2 double mutant lines appeared pale green ( Figures 4A and 4B ). This pale green phenotype was observed with both gametophore-dominating ( Figure 4A ) and protonema-dominating ( Figure 4B ) colonies. These observations suggested that PpGlk1 and PpGlk2 function redundantly to promote photosynthetic development in P. patens.
To confirm that the PpGlk loci were disrupted in each of the mutant lines, PpGlk and PpTubulin gene products were amplified from protonemal tissue by RT-PCR ( Figure 4C ). Whereas PpTubulin transcripts accumulated in all nine lines, PpGlk1 transcripts did not accumulate in Ppglk1 single mutants or in double mutants. Similarly, PpGlk2 transcripts did not accumulate in Ppglk2 single mutants or in double mutants. Thus, in all six single mutant lines and in both double mutant lines, homologous recombination events produced null alleles.
To quantify the extent to which the loss of GLK function perturbs pigmentation levels, chlorophyll concentrations were measured in wild-type and mutant tissue (Figures 4D and 4E) . In Ppglk1 and Ppglk2 single mutants, total chlorophyll levels were at least 70% of those seen in the wild type. In double mutants, however, levels were reduced to 40% of wild-type levels in both protonema ( Figure  4D ) and gametophores ( Figure 4E ). Therefore, PpGlk genes act redundantly to promote chlorophyll accumulation in P. patens. To determine whether chlorophyll a and b levels are equally affected by the loss of GLK function, the concentration of each pigment was calculated (Figures 4D and 4E) . Notably, levels of both chlorophyll a and b were reduced in lines in which the total chlorophyll level was lower than in the wild type. However, in double mutants, the two chlorophylls were reduced to different extents such that the ratio of a to b was higher than normal (Figures 4F and 4G) . This observation suggests that the conversion of chlorophyll a to chlorophyll b is impaired in Ppglk1 glk2 double mutants.
Thylakoid Stacking Is Perturbed in Ppglk Double Mutants
The reduced chlorophyll levels observed in Ppglk1 glk2 double mutants suggested that chloroplast development in P. patens is disrupted by the loss of GLK function. To determine whether chloroplast size and number are perturbed, protonema and gametophores were examined by light microscopy (Figures 5A to 5R). Although chloroplasts in double mutants were more translucent than in other lines, chloroplast size and number appeared similar in wild-type and mutant samples. By contrast, chloroplast ultrastructure was perturbed by the loss of GLK function ( Figures  5S to 5V ). Thylakoid membranes stack to form recognizable grana in chloroplasts of wild-type and single Ppglk mutant plants ( Figure 5S , 5U, and 5V), but in Ppglk1 glk2 double mutants, granal formation is disrupted ( Figure 5T ). Quantification of the number of thylakoid membrane layers per granal stack revealed an average of seven in wild-type chloroplasts and three in double mutant chloroplasts (see Supplemental Figure 5 online). Notably, this phenotypic defect is very similar to that seen in chloroplasts of Arabidopsis Atglk1 glk2 double mutants (Fitter et al., 2002) . Thus, GLK genes act to promote granal formation in both P. patens and Arabidopsis.
Mutant Chloroplasts Accumulate Reduced Levels of Light-Harvesting Chlorophyll a/b Binding Protein
To determine the extent of phenotypic similarity between glk double mutants of P. patens and Arabidopsis, markers of chloroplast development were examined. Because thylakoid stacking is reduced in double mutants, we first examined the integrity of the five thylakoid-bound photosynthetic complexes [photosystem I (PSI), PSII, NAD(P)H dehydrogenase (NDH), cytochrome f/b 6 , and ATP synthase]. As the level of any individual subunit reflects the integrity of the complex as a whole, PsaD was used as a marker for PSI, D1 was used for PSII, NDH H subunit was used for NDH, cytochrome f was used for cytochrome f/b 6 , and CF1a was used for ATP synthase. Figure 6A demonstrates that all five complexes are essentially intact in double mutants of both moss and Arabidopsis. Because all of the complexes are composed of both nucleus-and chloroplastencoded subunits, this observation demonstrates that general chloroplast transcription, translation, and import pathways are functional in glk double mutants. Similarly, levels of the carbon fixation enzyme ribulose bisphosphate carboxylase and of the thylakoid assembly protein VESICLE-INDUCING PROTEIN IN PLASTIDS (VIPP1) are normal in both double mutants ( Figure 6A ). By contrast, levels of the membrane-bound light-harvesting chlorophyll a/b binding protein (LHCB) are reduced ( Figure 6A ). Previous work demonstrated that this decrease had a secondary effect on PSII integrity in Arabidopsis (Fitter et al., 2002) . Here, only a slight reduction in the level of D1 protein is seen in Arabidopsis double mutants and no obvious reduction is seen in moss double mutants ( Figure 6A ). However, the reduction is not as dramatic as that seen previously. This observation adds further weight to the argument that PSII defects are an indirect consequence of reduced LHCB and chlorophyll levels as opposed to a direct effect of the loss of GLK function. The difference between the data presented here and those reported previously most likely reflects either the different growth conditions used (greenhouse versus growth chamber) and/or the time of day the tissue was harvested. Regardless, the most important observation in the context of this work is that the moss and Arabidopsis mutants exhibit nearly identical protein profiles. Thus, loss of GLK function leads to similar chloroplast defects in P. patens and Arabidopsis.
Reduced levels of LHCB in Arabidopsis glk double mutants are accompanied by reduced LHCb1 and LHCb6 transcript levels (Fitter et al., 2002) . Similarly, reduced chlorophyll levels are accompanied by reduced AtHEMA1 (encoding glutamyl tRNA reductase) and AtCAO (encoding chlorophyll a oxygenase) transcript levels (Fitter et al., 2002) (Figure 7C ). To determine whether similar perturbations occur in moss double mutants, PpCab (homologous with AtLHCb), PpHemA1, and PpCao transcript levels were examined. As seen in Arabidopsis, levels of all three transcripts were reduced by at least 60% in P. patens double mutants compared with the wild type ( Figures 6B and 6C) . By contrast, both chloroplast-and nucleus-encoded ribulose bisphosphate carboxylase transcripts accumulated to at least 80% of wild-type levels ( Figures 6B and 6C) , also as seen in Arabidopsis. These consistent features of double mutant phenotypes in moss and Arabidopsis suggest that GLK function is conserved in bryophytes and angiosperms.
PpGlk1 Partially Rescues the Arabidopsis glk Double Mutant Phenotype
Although GLK function appears to be conserved in P. patens and Arabidopsis, GLK proteins have diverged to the extent that the DBD and the GCT box are the only common domains (Figure 2A ). To determine whether the divergent regions are important for species-specific function, the entire PpGlk1 open reading frame was introduced into the Atglk1 glk2 double mutant under the control of the constitutive Cauliflower mosaic virus 35S promoter. Two independently transformed lines were obtained, both of which contained two independent insertions. In subsequent generations, these insertions segregated independently such that lines 8.2, 8.15, and 12.4 were homozygous for one of three of the insertion alleles isolated (see Supplemental Figure 6 online). For phenotypic characterization, lines 8.14 and 12.3 served as controls. These lines were derived from the two independent transformations followed by segregation away from the transgene in each case.
On a macroscopic level, all three 35S:PpGlk1 lines appeared greener than the double mutant but less green than 35S:AtGLK1 lines ( Figure 7A ). Measurement of chlorophyll concentrations in each line provided further resolution of pigmentation levels and showed that 35S:AtGLK1 lines contained more chlorophyll than the wild type (137%) and that 35S:PpGlk1 lines contained between 71 and 88% of wild-type levels ( Figure 7B ). Thus, the three independent 35S:PpGlk1 transgenes at least partially rescue the chlorophyll deficiency in Arabidopsis double mutants.
To determine whether the restored chlorophyll levels in 35S:PpGlk1 transformants are correlated with expression of the transgene and with restored levels of AtLHCb, AtHEMA1, and 
(A) to (R) Light micrographs of chloronemal ([A] to [I]) and gametophore ([J] to [R]) cells showing chloroplast density in the wild type ([A] and [J]), glk1-1 ([D] and [M]), glk1-2 ([E] and [N]), glk1-3 ([F] and [O]), glk2-1 ([G] and [P]), glk2-2 ([H] and [Q]), glk2-3 ([I] and [R]), glk1-1 glk2-4 ([B] and [K]), and glk1-5 glk2-1 ([C] and [L]). Bars ¼ 50 mm.
(S) to (V) Representative images of chloroplast ultrastructure in the wild type (S), Ppglk1-5 glk2-1 (T), Ppglk1-1 (U), and Ppglk2-2 (V). At least 50 chloroplasts were examined for each line. Arrows point to grana. Bars ¼ 1 mm.
AtCAO transcripts, RNA gel blot analysis was performed. Figure  7C demonstrates that transgene expression levels are correlated with the degree of phenotypic recovery, as judged by transcript levels of the marker genes AtLHCb, AtHEMA1, and AtCAO ( Figure 7C ). However, line 8.2 is anomalous in that the transgene is expressed at very low levels, the marker transcript levels are barely restored, and yet the plants exhibit the highest chlorophyll levels ( Figure 7B ). We assume that this anomaly is a consequence of the transgene insertion site. The phenotypes of lines 8.15 and 12.4 demonstrate that the 35S:PpGlk1 construct complements the Arabidopsis mutant less effectively than the 35S:AtGLK1 construct. Given the divergence time between the two species, this observation is perhaps not surprising. Presumably, GLK target sequences have coevolved with the GLK protein; thus, the moss protein might bind the Arabidopsis targets with reduced efficacy. However, it is possible that the failure to fully complement the mutant phenotype may be a consequence of reduced translation of the moss protein or of different codon use. Regardless of which explanation is correct, the overall phenotype of the rescued lines demonstrates that the moss gene can partially substitute for the Arabidopsis gene.
DISCUSSION
The bryophyte and vascular plant lineages diverged >400 million years ago (Gifford and Foster, 1989) . Since that time, developmental mechanisms have diversified such that distinct lineages exhibit diverse morphologies. Comparative studies have suggested that the P. patens and Arabidopsis genomes contain largely similar sets of genes (Nishiyama et al., 2003) . However, it is unknown how many of these common genes are regulated similarly in the different developmental contexts of the two . PpHemA encodes glutamyl tRNA reductase, PpCao encodes chlorophyll a oxygenase, PpCab encodes chlorophyll a/b binding protein, PprbcL encodes the large subunit of ribulose bisphosphate carboxylase, and PpRbcS encodes the small subunit. Probes were hybridized to one of four replicate blots. Ethidium bromide fluorescence of rRNA on one of these blots is shown to assess relative loading levels. Hybridization signals were quantified using a phosphor imager and adjusted according to ethidium fluorescence levels of the 18S rRNA on the relevant blot, measured using a Kodak EDAS 290 camera. (C) Graphic representation of relative hybridization levels for each gene shown in (B). Hybridization relative to the wild type was calculated for each individual moss line. Values were then averaged for each single mutant and for the double mutant. Error bars represent SD. organisms. The work described here presents an example of a regulatory pathway that is conserved between these two divergent species. In both P. patens and Arabidopsis, GLK function is required for correct thylakoid stacking within the chloroplast and for the accumulation of both chlorophyll and LHCB. As such, it is likely that GLK gene function was required for chloroplast development in the last common ancestor of bryophytes and flowering plants. Therefore, GLK-mediated regulation of chloroplast development defines one of the most ancient conserved regulatory mechanisms identified in the plant kingdom, other notable examples being microRNA-mediated control of gene expression (Floyd and Bowman, 2004) , regulation of state transitions in the chloroplast (Bellafiore et al., 2005) , and protoporphyrin signaling from the chloroplast to the nucleus (Falciatore et al., 2005) .
Phylogenetic analysis supports independent duplication events for Glk genes in P. patens, in Arabidopsis, and in monocots (Fitter et al., 2002) . Therefore, although redundant GLK gene function is a common feature between Arabidopsis and moss, it must have arisen independently. Fully redundant genes are rare, as selection acts to maintain only essential functions. In Arabidopsis, the AtGLK genes are only partially redundant because the expression of the two genes is differentially regulated. AtGLK1 expression is induced by light, whereas AtGLK2 expression is regulated by both light and the circadian clock (Fitter et al., 2002) . Furthermore, AtGLK2 but not AtGLK1 is expressed in siliques. These differences in expression profiles must be sufficient to maintain functional copies of both genes. In P. patens, there are no obvious differences in expression profiles between PpGlk1 and PpGlk2; however, PpGlk genes are expressed during the haploid stage of the life cycle. For genes that function in haploid cells, there may be additional selective pressure to maintain duplicate copies, particularly if the genes are essential for cell function. An alternative explanation for the presence of two genes invokes a recent duplication event in P. patens that has yet to be selected upon. The latter suggestion is supported by the observation that the two Glk genes in P. patens are much more similar to each other than the two Arabidopsis genes are to each other, even outside of the functional DBD and GCT domains (Figure 2A) .
Loss of GLK function in both moss and Arabidopsis perturbs chloroplast development to the extent that granal formation is (C) RNA gel blot analysis of lines shown in (A). AtLHCb1 and AtLHCb6 encode light-harvesting complex proteins, AtHEMA1 encodes glutamyl tRNA reductase, and AtCAO encodes chlorophyll a oxygenase. Ethidium bromide fluorescence of 26S rRNA is shown to assess relative loading levels. Hybridization signals were quantified using a phosphor imager and adjusted according to ethidium fluorescence levels measured using a Kodak EDAS 290 camera. Relative hybridization levels in lanes 1 to 7 were as follows: PpGlk1, (ÿ), (ÿ), 6, 67, 0, 100, 0; AtLhCb1, 9, 100, 17, 133, 12, 135, 20; AtLHCb6, 11, 100, 19, 64, 14, 57, 19; AtHEMA1, 13, 100, 13, 93, 37, 91, 38; AtCAO, 30, 100, 36, 70, 36, 65, 51. reduced, LHCBs accumulate to lower levels than normal, and chlorophyll biosynthesis is reduced. Although reduced LHCB and chlorophyll levels have been correlated with reduced thylakoid stacking, reduced LHCB accumulation does not in itself prevent granal formation (Andersson et al., 2003) . Therefore, it is possible that perturbations to LHCB and chlorophyll accumulation are a secondary consequence of glk mutations and that GLK function is primarily required to facilitate thylakoid stacking. How thylakoids stack to form grana, however, is a debatable topic with little resolution. There are three main proposals. The first states that grana form as an inevitable consequence of surface charges on the thylakoid membrane (Barber, 1980) . The second suggests that there has to be heterogeneity of PSI and PSII within the thylakoids (Martienssen et al., 1989) . The third results from studies of barley (Hordeum vulgare) mutants and invokes the existence of a stabilizing factor that promotes thylakoid stacking (Simpson et al., 1989) . Because GLK genes encode transcription factors, it is difficult to speculate how gene function could contribute to charges on the membrane. Similarly, because glk mutations do not primarily affect the accumulation of protein complexes on the thylakoids, any effect on heterogeneity of PSI and PSII would be indirect. Thus, the most plausible explanation is that GLK proteins regulate the transcription of a thylakoidstabilizing factor(s). If this were the case, GLK function would facilitate granal formation.
The ability to stack thylakoids into grana arose within the chlorophyte lineage (Song and Gibbs, 1995) . Thylakoids exist as single lamellae in prokaryotic cyanobacteria and eukaryotic glaucocystophytes in which the light-harvesting antennae are not composed of LHC proteins but of phycobilisomes. In rhodophytes, LHC protein is present for PSI, but PSII is associated with extrinsic phycobilisomes and thylakoids do not stack (Dodge, 1973) . True grana that show segregation of PSI and PSII occur only in land plants and in the green algae that are most closely related to plants (i.e., the charophytes). More distant green algae such as Chlamydomonas reinhardtii have appressed thylakoids that are not organized into grana and lack segregation of the two photosystems (Song and Gibbs, 1995; Bertos and Gibbs, 1998) . Notably, tBLASTX searches of the C. reinhardtii genome database (http://genome.jgi-psf.org) identified five sequences with >50% amino acid identity with the GARP DBD but no sequences similar to the GCT box. The apparent absence of GLK genes in C. reinhardtii is consistent with the idea that GLK gene sequences evolved concurrently with grana. Therefore, we speculate that GLK gene function evolved to facilitate thylakoid stacking and the consequent photosystem segregation found in all land plant chloroplasts.
METHODS

Plant Strains and Growth Conditions
Physcomitrella patens subsp patens (Engle, 1968) was kindly provided by Celia Knight (University of Leeds, UK). Moss cultures were maintained under sterile conditions on BCD medium (Grimsley et al., 1977) and grown at 258C with a 16-h-light/8-h-dark cycle at a light intensity of 50 to 60 mmolÁm ÿ2 Ás ÿ1 . Arabidopsis thaliana ecotype Columbia was grown at 228C in a greenhouse with a 16-h-light/8-h-dark cycle.
Gene Isolation
PpGlk gene fragments were amplified from genomic DNA by degenerate PCR using primers YY3-59 (59-GTNGAYTGGACNCCNGA-39), , and YY11 (59-GCNGTNGARSAR-YTNGG-39). The remaining coding sequences were obtained by 39 rapid amplification of cDNA ends using gene-specific primers YY5 (59-TGG-TCTCGAAGTTCACGGC-39) for PpGlk1 and YY21 (59-GCCGCATCAT-CCGATATCC-39) for PpGlk2 or by ligation-anchored PCR using genespecific primers YY14R (59-TCCAAGCTGTTCCACCGC-39) and YY18R (59-CAAGCATCTAGCGAATTCACC-39) for PpGlk1 and YY23R (59-GGA-GCCTGAGTGTATGTGC-39) for PpGlk2. Sequences flanking PpGlk1 were obtained by thermal asymmetric interlaced PCR using primers YY15R (59-CTTTCGCCAACAGCAGCG-39), YY16R (59-GCTACATT-CACCACTATCGG-39), and YY18R for 59 sequences and YY38 (59-TCGCTGCGTGCAGTAAACCACC-39), YY8-59 (59-GGAGACGCATTTA-TCGAAGG-39), and YY9-59 (59-CCTGTTAGCTTTAGTTGTTTGCTG-39) for 39 sequences. Sequences flanking PpGlk2 were amplified by inverse PCR from self-ligated HindIII-digested genomic DNA using primers YY29 (59-CCCTGTTTTGCAATAAGGCTTCC-39) and YY35R (59-AATCTTC-GTGGGTGGTGACC-39).
Sequence Alignment
Sequence alignments were generated using the PILEUP function of the Genetics Computer Group (Madison, WI) software package, with default settings. Conserved amino acids were highlighted using the PRETTYBOX function. Coloring and sequence alignment were manually modified using CANVAS software (Deneba Systems, Miami, FL).
Phylogenetic Analysis
Fifty-one additional GARP protein sequences, two TEA family proteins (TEC and TEF), potato (Solanum tuberosum) MybST1, and Arabidopsis MybST1-like sequences were obtained from GenBank (http://www. ncbi.nlm.nih.gov). Sequences were aligned manually using Se-Al software (version 1.0) (Rambaut et al., 1996) , excluding regions of ambiguous alignment (sequence alignments are included in the supplemental data online). Phylogenetic analyses were performed using PAUP (for Phylogenetic Analysis Using Parsimony) software (version 4.0b4; Sinaur Associates, Sunderland, MA). Parsimony analyses were conducted as in Moylan et al. (2004) . Multiple most parsimonious trees were obtained, from which a strict consensus tree was computed. The robustness of clades in the strict consensus trees was evaluated by nonparametric bootstrap analysis (Felsenstein, 1985) . Bootstrap values were obtained from 100 pseudoreplicates.
For the GARP tree ( Figure 2B ), parsimony analysis was conducted on aligned DBD amino acid sequences of eight GLK proteins and 51 additional GARP proteins. Fifty-four amino acid characters were included (region indicated in Figure 2A ), of which 2 were constant and 52 were parsimony-informative. Myb-related proteins that are not classified as GARP proteins were also included as outgroups, two of which were TEA family members and three of which were MybST1 proteins. The tree was rooted on TEF1. Parsimony analysis resulted in 32 equally most parsimonious trees with lengths of 621 steps. Accession numbers are either indicated on the tree or as follows: AtPHR1, NP_194590; KANADI, AAK59989; MYR1, AAK01148; Psr1, AAD55945 (Chlamydomonas reinhardtii); ARR11, CAA06431; ARR1, BAA74528; ARR2, BAA74527; ARR14, AAD12696; ARR10, CAA16597; PpGLK2, AAV54521; PpGLK1, AAV54520; OsGLK2, AAK50393 (Oryza sativa); OsGLK2, AAK50394 (O. sativa); ZmGLK1, AAK50392 (Zea mays); G2, AAG32325 (Z. mays); AtGLK1, AAK20120; AtGLK2, AAK20121; APRR2, CAA17145; ARR13, AAC77865; MybST1, S51839 (S. tuberosum); MybST1-LIKE, NP_177158; MybST1-LIKE2, CAB78068; TEC1, CAA85028 (Saccharomyces cerevisiae); TEF1, AAB00791 (Homo sapiens). Unless indicated otherwise, all proteins are from Arabidopsis.
For the GLK tree ( Figure 2C ), parsimony analysis was conducted on cDNA sequences aligned across the DBD and the C-terminal region of eight GLK genes and four other GARP genes. A total of 396 cDNA characters were included in the analysis, of which 89 were constant, 76 were variable, and 231 were parsimony-informative. The tree was rooted on AL162651. Parsimony analysis resulted in a single most parsimonious tree with a length of 937 steps. With respect to relationships within the GLK family, the data in Figure 2C are more informative than those in Figure 2B , because more characters were used in the analysis shown in Figure 2C .
Moss Transformation
Moss was transformed after polyethylene glycol-mediated DNA uptake into protoplasts, essentially according to Schaefer et al. (1991) . The constructs used are illustrated in Supplemental Figures 3A and 4A online. Protoplasts were regenerated for 5 d on BCD medium and then transferred to fresh media containing antibiotics for selection (G418 disulfate at 50 mg/mL or hygromycin B at 20 mg/mL). After 2 weeks, colonies were transferred back to nonselective BCD medium for another 2 weeks. Stable transformants were subsequently selected by plating once again on selective media. Transformants were screened by PCR to check for construct integration at the target site. Selected colonies were further tested by DNA gel blot analysis to determine whether they contained multiple copies of the construct and, if so, whether the extra construct sequences were integrated at nontarget sites.
GUS Staining
A spot inoculum of moss protonema was grown for 18 d on BCD medium, subtended by a cellophane disc. After that time, the disc was removed from the plate and the tissue was fixed and stained for GUS activity essentially according to Imaizumi et al. (2002) .
Transmission Electron Microscopy
Seven-day-old protonema were harvested 8 h into the light period, prefixed in 4% paraformaldehyde and 3% glutaraldehyde for 5 h, and then fixed in 1.33% OsO 4 for 2 h. After dehydration through an acetone series, samples were embedded in TAAB resin and sectioned using a glass knife on a Sorvall MT-2 ultramicrotome (Sorvall, Newtown, CT). Sections were stained with 0.2% lead citrate and examined with a Zeiss (LEO) Omega 912 electron microscope (Zeiss; LEO Electron Microscope, Oberkochen, Germany) equipped with a Proscan cooled slow-scan charge-coupled device camera (2048 3 2048 pixels). All digital images were captured using the integrated SIS image-analysis package (Soft Imaging Software, Mü nster, Germany).
DNA and RNA Analysis
DNA was extracted from moss colonies using cetyl-trimethyl-ammonium bromide as described at http://biology4.wustl.edu/moss/methods.php and from Arabidopsis using urea-based buffer as in Chen and Dellaporta (1994) . RNA was isolated, and DNA and RNA gel blots were prepared and hybridized as described by Langdale et al. (1988) using gene-specific probes as follows: AtGLK1, 225-bp fragment corresponding to positions 217 to 441 of accession number AY026772; PpGlk1 59 region, 245-bp fragment corresponding to positions 1027 to 1271 of accession number AY741684; PpGlk1 39 region, 292-bp fragment corresponding to positions 1927 to 2218 of accession number AY741684; PpCao, 360-bp
RT-PCR
cDNA was generated using Superscript II reverse transcriptase-treated (Invitrogen) and DNaseI-treated (amplification grade; Invitrogen) RNA. The data shown in Figure 3 were obtained by multiplex PCR amplification of cDNA using 5 mM digoxigenin-labeled dUTP in addition to 0.2 mM deoxynucleotide triphosphate (17 cycles for PpGlk1 and 18 cycles for PpGlk2). Each reaction contained two pairs of primers, one for PpGlk (PpGlk1, 59-GATAAGCAGGGAAGAGGGTG-39 and 59-TAGTGCCT-AACGAAACTCGC-39; PpGlk2, 59-AGGACAACTCGTCCTCGTG-39 and 59-AGTGGATATCGGATGATGCG-39) and the other for a tubulin fragment (59-TGCTGCTGGATAATGAAGCG-39 and 59-CGTGCTGTTCGAAATCA-TGC-39). After gel electrophoresis, fragments were transferred to Nytran filters (Schleicher & Schuell, Keene, NH) and visualized using the detection method according to the manufacturer's instructions (Roche, Indianapolis, IN). The RT-PCR data in Figure 4 were also obtained by multiplex PCR amplification (20 cycles) with the primers described above. In this case, however, tubulin fragments were visualized by ethidium bromide staining of the gel and PpGlk fragments were detected by gel blot analysis using the 140-bp fragment corresponding to positions 1349 to 1488 of accession number AY741684 (which hybridizes with both PpGlk1 and PpGlk2 PCR products).
Chlorophyll Assays
Protonema and gametophores were harvested 2 h into the light period and freeze-dried for 4 h using a Freeze Dryer Modulyo (Edwards, Crawley, UK). A total of 0.4 mg of protonemal tissue or 0.5 mg of gametophore tissue was ground in liquid nitrogen and added to 1 mL of 80% acetone. After a brief spin, the absorbance of the supernatant was measured at 645 and 663 nm. The amount of chlorophyll in each sample was calculated using the following formulae: total chlorophyll concentration (mg/mL) ¼ OD 645 3 20.2 þ OD 663 3 8.02; chlorophyll a concentration (mg/mL) ¼ OD 645 3 12.7 þ OD 663 3 2.69; chlorophyll b concentration (mg/mL) ¼ OD 645 3 22.9 þ OD 663 3 4.68 (Arnon, 1949) . The values obtained were corrected to obtain chlorophyll concentrations in micrograms per milligram of dry tissue. For Arabidopsis, a 0.5-cm 2 leaf disc was ground and the chlorophyll concentration was corrected to micrograms per square centimeter of leaf disc.
Arabidopsis Transformation
Arabidopsis plants were transformed with a pBinþ (van Engelen et al., 1995) construct containing the entire PpGlk1 coding sequence driven by the Cauliflower mosaic virus 35S promoter (pKIKI 56). Plants were transformed as described previously (Clough and Bent, 1998) . Transformed plants were selected on the basis of kanamycin resistance and were self-pollinated to generate T2, T3, and T4 populations that segregated the transgenes.
Sequence data from this article have been deposited with the GenBank data library under accession numbers AY741684 (PpGlk1) and AY741685 (PpGlk2 
